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Legal Notice 

This information was prepared by Gas Technology Institute (―GTI‖) for DOT/PHMSA (Contract 

Number: DTPH56-09-T-000002. 

Neither GTI, the members of GTI, the Sponsor(s), nor any person acting on behalf of any of them: 

a.  Makes any warranty or representation, express or implied with respect to the accuracy, completeness, 

or usefulness of the information contained in this report, or that the use of any information, apparatus, 

method, or process disclosed in this report may not infringe privately-owned rights.  Inasmuch as this 

project is experimental in nature, the technical information, results, or conclusions cannot be predicted.  

Conclusions and analysis of results by GTI represent GTI's opinion based on inferences from 

measurements and empirical relationships, which inferences and assumptions are not infallible, and with 

respect to which competent specialists may differ. 

b.  Assumes any liability with respect to the use of, or for any and all damages resulting from the use of, 

any information, apparatus, method, or process disclosed in this report; any other use of, or reliance on, 

this report by any third party is at the third party's sole risk. 

c. The results within this report relate only to the items tested. 

 



 

 Page iii 

Table of Contents 

 Page 

Legal Notice ................................................................................................................................ ii 

Table of Contents ....................................................................................................................... iii 

Table of Tables .......................................................................................................................... iv 

Table of Figures .......................................................................................................................... v 

Project Objective ........................................................................................................................ 1 

List Activities/Deliverables Completed During Reporting Period ................................................. 2 

Technical Status ........................................................................................................................ 2 

Task 3 - Lab Evaluation of Microbial Corrosion under Simulated Field Conditions ................. 2 
Conditions for Modeling Experiments.................................................................................... 2 

Microbial consortium .......................................................................................................... 3 
Artificial growth medium ................................................................................................... 4 

Preparation of Bacteria Consortium........................................................................................ 5 

Growth of Bacillus licheniformis under various conditions ................................................... 5 
Preparation of baseline bacteria culture from condensate sample .................................. 8 

Final bacteria consortium and growth medium for corrosion experiments .................... 8 
Instrumentation for Modeling Data Collection ............................................................. 10 

Electrodes and electrochemical cells .................................................................................... 11 

Electrochemistry and data acquisition .................................................................................. 14 

Test Protocol for Electrochemical Measurement of Microbial Corrosion ................................ 15 

Sterilization and assembly of electrochemical cells ..................................................... 15 
Test protocol ................................................................................................................. 16 

Task 8 - Perform Bounded Testing to Generate a Strong Example Data Set ........................... 21 
Protocol for Biogas Collection.............................................................................................. 22 

FuelMaker FM4 Compressor ............................................................................................ 22 

Considerations for Gas Sampling at Biogas Plants........................................................... 22 
Biogas/Biomethane Gas Sample Sites .............................................................................. 23 

Gas Saturation Test Setup ..................................................................................................... 23 
Test Materials........................................................................................................................ 23 

NBR and SBR Rubber Sheet Materials ............................................................................ 23 

Natual Gas Sample ............................................................................................................ 23 

Biogas/Biomethane Samples ............................................................................................ 23 
References ...............................................................................................................................30 



 

 Page iv 

Table of Tables 

 Page 

Table 1. Artificial Growth Medium Recipe for Corrosion Experiments ......................................... 4 

Table 2. The Closest Relatives of Heterotrophic Bacteria Sequences Isolated from Final 
Bacteria Consortium after Incubation of Various of Hours at 30 ºC, using Universal Primers 
Targeting 16S rRNA Gene ........................................................................................................10 

Table 3. Properties of AMG .......................................................................................................10 

Table 4. The Properties of NBR and SBR Rubber Sheet Mateirals ...........................................24 

Table 5. Chemical Compositions (approximate) of Gas Samples ..............................................25 



 

 Page v 

Table of Figures 

 Page 

Figure 1. Growth curve of B. licheniformis  in 0.8% nutrient broth under aerobic conditions. ...... 6 

Figure 2. Growth curve of B. licheniformis in 0.8% nutrient broth under 0.7% oxygen. ............... 7 

Figure 3. Growth curve of B. licheniformis in AGM supplemented with 0.3% nutrient broth under 
0.7% oxygen. ............................................................................................................................. 8 

Figure 4. Growth curve of enrichment culture of field condensate in AGM supplemented with 
0.3% nutrient broth under 0.7% oxygen. .................................................................................... 9 

Figure 5. Top view of anodic cell. ..............................................................................................12 

Figure 6. Side view of anodic cell. W.E.: working electrode; C.E.: counter electrode; R.E.: 
reference electrode. ..................................................................................................................12 

Figure 7. Top and side view of cathodic cell. .............................................................................13 

Figure 8. The assembled two-cell electrochemical system. .......................................................13 

Figure 9. Setup and connections of electrochemical cells. ........................................................14 

Figure 10. Anaerobic bacteria culturing system incorporated with InterCorr SmartCET 
electrochemical device for real-time corrosion monitoring .................................................17 

Figure 11. Actual B value determined by InterCorr SmartCET Instrument .........................18 

Figure 12. Electrochemical test setup to monitor potential difference between anode and 
cathode. ....................................................................................................................................20 

Figure 13. Electrochemical test setup to verify potential difference between A1 and A2. ...........20 

Figure 14. Electrochemical test cell setup for current and corrosion rate monitoring. ................21 

Figure 15. Biogas Collection Schematic (Updated) ...................................................................26 

Figure 16. Gas Saturation Test Setup .......................................................................................27 

Figure 17. Test Sample Cage ...................................................................................................28 

Figure 18. Pressure Vessel for Gas Saturation Test..................................................................29 



 

 Page 1 

Project Objective 

The objective of this project is to understand key elements related to promoting the 

successful delivery of biomethane into natural gas pipeline networks. This project focuses on two 

key areas of concern: [1] the effect of microbial induced corrosion on metallic pipes and [2] the 

impacts of biogas/biomethane on a non-metallic gathering network from sustained biogas 

feedstock exposure.  This report summarizes the work that has been conducted through the 

fourth quarter of 2010.  Results from Tasks 3, and 8 are discussed in detail within this report. 
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List Activities/Deliverables Completed During Reporting Period 

                SCH Date CMPL Date   

Task #3     Lab Evaluation of Microbial Corrosion          03/31/2011 In Progress 

Task #8:   Perfom Bounded Testing                  6/30/2011   In Progress 

 Completed HazOp analysis for biogas/biomethane sample collection process. 

 Completed Baseline Hazard Analysis for gas saturation testing. 

 Finalized pressure test vessel design and completed building one test vessel. 

 Identified the commercial plastic pipe and elastomer materials for testing. 

 Identified the sites for biogas/biomethane sample collection.  

Technical Status 

Task 3 - Lab Evaluation of Microbial Corrosion under Simulated Field Conditions 

Conditions for Modeling Experiments  

Corrosion is mainly the consequence of electrochemical reactions, influenced by the physico-

chemical environment at the metal surface, such as oxygen, salts, pH, redox potential, and 

conductivity, etc. MIC is electrochemical corrosion influenced by the presence or activities of 

microorganisms. Microorganisms growing at the metal surface form a biofilm and release 

chemicals or electrochemically active minerals, which alter the rates and types of 

electrochemical reactions at the biofilm-metal interface and result in various types of corrosions 

(e.g. pitting, crevice corrosion, under-deposit corrosion, and galvanic corrosion) 

 

Biogas, generated through the anaerobic digestion from a variety of biomass sources, is one 

of the fastest growing renewable fuels. Within the past few years, there has been enthusiasm and 

investment in bioconversion of waste products into quality fuel, encouraged by political and 

public pressure to create and use “green” energy products. Local gas distribution companies 

(LDCs) are poised to take delivery of (interchange) cleaned biomethane into their existing lines 

for general distribution. However, based upon its source (dairy waste, landfill, wastewater 

sludge, agricultural waste, etc.), biogas may contain constituents that may affect pipeline 

integrity and system operations, and possibly impede pipeline safety. One such known 

constituent is bacteria associated with microbiologically-induced corrosion (MIC) in the biogas 

carried over from the anaerobic digestion process. However, the relationship between the 

numbers of specific MIC bacteria introduced into the pipe, internal pipe conditions, and severity 

of metallic pipeline corrosion has not been fully understood [12, 132] despite the fact that MIC 

has been long recognized as one of the major causes of corrosion of metal pipes [7, 23, 30, 31]. 

 

Raw biogas, saturated with moisture, contains hundreds of live bacteria including those 

known to cause MIC (e.g., APB, IOB, and SRB) from the anaerobic digestion process. The 
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properties of condensate formed in gathering pipeline are affected by biogas composition (CO2 

and H2S, etc), dissolved chemicals and nutrients from the anaerobic digestion process, which in 

turn, influence the dominant bacterial profile and microbial interactions with the metal surfaces. 

The potential impact of microbial corrosion on the integrity of metallic gathering pipelines must 

be addressed.  

 

Consequences of the direct introduction of live microbes to metallic pipeline networks are 

unknown. A clear understanding of such potential integrity impact is crucial to safe introduction 

of biogas into metallic natural gas networks. In addition, a predictive tool to foretell MIC 

severity under field conditions is necessary for the effective management of pipeline integrity, 

especially for gathering lines containing the raw biogas. 

 

Internal corrosion in raw biogas lines are affected by many factors or combination of factors 

including CO2, H2S, organic acid (mainly acetic acid), microbes, oxygen, chloride, etc. The focus 

on a single mechanism such as microbial corrosion is therefore not appropriate or practical in an 

actual pipeline system [133]. The development of the MIC model has to include other factors 

which may interact with microbial activities and their metabolites, and change electrochemical 

characteristics at the metal-biofilm interface. Parameters which affect microbial growth and 

activities will probably affect the onset of microbial corrosion (i.e. pitting), corrosion rate and 

severity. The parameters which may be included in the MIC model are nutrients (sulfate, fatty 

acids, total dissolved solids, utilizable nitrogen), CO2, H2S, O2, pH of condensate, salinity, 

alkalinity, dissolved iron, sulfide, chlorides, bicarbonates, ferrous and ferric iron, and 

temperature. The final parameters which were included in our preliminary MIC model were 

determined based on the results from Task 1 literature review and Task 2 sample analyses. 

 

The major bacterial populations in raw biogas and condensate samples collected from 

gathering lines have been determined in Task 2, and the results used to formulate a major 

corrosion-related bacteria consortium to evaluate the microbial corrosion of metallic pipelines. In 

addition, chemical compositions and properties of typical condensate in raw biogas gathering 

line were thoroughly analyzed in Task 2. Therefore, the microbial corrosion evaluation was 

performed in synthetic condensate to mimic the field conditions typically found in raw biogas 

gathering line. 
 

Microbial consortium 

The accurate diagnosis of MIC requires combination of microbiological, chemical, and 

metallurgical analyses. The microbiological indicators include detection and quantification of 

various microorganisms on metal-liquid interfaces, especially corrosive bacteria in biofilms 

formed on metal surfaces. 

 

qPCR assays indicated that most of raw biogas samples contained two types of corrosion-

causing bacteria – APB and IOB, and the condensate sample mainly contained APB. However, 

after the raw biogas samples were inoculated in TG media and incubated for 7 days at 37 ºC, 

qPCR on positive growth cultures indicated the presence of overwhelming number of APB in 

most of samples (data not shown). The identities of most sequences of heterotrophic bacteria or 

bacterial spores in raw biogas were closely related to the sequences of two bacteria genera, i.e. 

Paenibacillus and Bacillus. Species determination of corrosion-related bacteria showed the 
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presence of Clostridium and Acidovorax species, in addition to dominant Paenibacillus and 

Bacillus species. IOB such as Gallionella, Leptothrix, and Sphaerotilus might not be a significant 

corrosion-related population in raw biogas samples. From the condensate sample, the dominant 

heterotrophic bacteria species were also closely related to Bacillus and Paenibacillus, though 

after growth in TG medium, the dominant bacteria species changed to H. saxobsidens. 

 

The majority of sequences isolated from this project are closely related to the sequences of 

genus Bacillus, followed by Paenibacillus, and Clostridium. Of all the sequences from these 

three genera, Bacillus sequences accounted for approximately 71.4%, Paenibacillus 24.3% and 

Clostridium 4.3%. The most representative Bacillus species is B. licheniformis. Therefore the 

proposed bacteria consortium which will be used in the corrosion experiment includes the 

enriched condensate culture (dominated by H. saxobsidens) and spiked B. licheniformis. 
 

Artificial growth medium 

The artificial growth medium (AGM) for corrosion experiments is based on the results of a 

thorough chemical analysis of the condensate sample and other nutrient requirements for bacteria 

growth such as trace elements and vitamins. In addition, nutrient broth will be added to the 

artificial medium during the corrosion experiment in attempt to support bacteria consortium 

growth at the rate that each electrochemical corrosion experiment can be completed in a 

reasonable time. The quantity of nutrient broth added to the medium will be determined through 

experiments on growth curves under various conditions. The AGM recipe (minus nutrient broth) 

is as following (Table 1).  

 
  Table 1. Artificial Growth Medium Recipe for Corrosion Experiments 

Macronutrients  Milligram per L 

NH4HCO3      400 mg 

Na2HPO4·H2O      30 mg 

K2SO4       20 mg 

CaCl2  9 mg 

FeCl2
.
4H2O  5 mg 

MgSO4 
.
 7 H2O     3 mg 

 

100X Trace Elements stock (add 10 ml to 1 L) Milligram per 100 mL 

MnCl2
.
4H2O  180 

CoCl2
.
6H2O  270 

H3BO3  50 

CuCl2
.
2H2O  24 

NaMoO4
.
2H2O  23 

ZnCl2  19 

 

100X Vitamins stock (add 10 ml to 1 L) *from ATCC Vitamin  

Supplement Formulation Catalog No: MD-VS Milligram per 100 mL 

Biotin  0.2 

Folic Acid  0.2 

Pyridoxine Hydrochloride  1.0 

Riboflavin  0.5 
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Thiamin  0.5 

Nicotinic Acid  0.5 

B12  0.01 

p-Aminobenzoic Acid  0.5 

Thioctic Acid  0.5 

Calcium pantothenate                                                      0.5 

Monopotassium phosphate   0.5 

 

Filter-sterilize macronutrients, 100X trace elements stock, and 100X vitamins stock 

individually. Store at 4 ºC until use. 

 
Preparation of Bacteria Consortium 

Based on thorough analysis of biogas and condensate samples, the bacteria consortium for 

MIC modeling experiment consists of B. licheniformis (ATCC 14580) and the baseline bacteria 

populations enriched from the field condensate sample. The thorough analysis of enrichment 

culture of condensate sample indicated the dominant presence of H. saxobsidens. 

 

Bacillus licheniformis (ATCC 14580) are Gram-positive, rod-shaped, motile, aerobic 

endospore-forming thermophilic bacteria that hydrolyze sugars fermentatively. Colonies of B. 

licheniformis are round, surface smooth, flat, margin irregular and 2-4 mm in diameter. 

Ellipsoidal spores are produced in not swollen sporangia and placed centrally [129]. B. 

licheniformis is a common contaminant of dairy products; it is the most common aerobic spore-

forming bacteria isolated from dairy farm [131]. The optimal growth temperature is around 

50°C, though it can survive at much higher temperatures. B. licheniformis was purchased from 

American Type Culture Collection (ATCC14580) for this project. 
 

Herminiimonas saxobsidens are Gram-negative, rod-shaped bacteria. Cells are motile by 

means of polar flagella, non-sporulating and strictly aerobic. It utilizes acetate, propionate, 

oxalate, succinate and malate ions. The enriched condensate culture will be used to provide 

baseline bacteria population in corrosion experiments. 

 
Growth of Bacillus licheniformis under various conditions 

The growth curve of B. licheniformis was first performed in Nutrient Broth (BD Cat# 

234000). A 5% volume of overnight culture inoculums was inoculated into NB medium and the 

culture tubes were incubated aerobically or under 0.7% of O2 in headspace at 30 C with 100 rpm 

shaking. Absorbance/OD was measured at 600 nm periodically and the OD reading was plotted 

against time of incubation to generate a growth curve for the bacteria. The growth curves under 

various conditions are shown in Figure 1 through Figure 3. B. licheniformis growth curve in NB 

medium under aerobic condition showed an exponential growth phase between 5 and 13 hrs after 

incubation at 30 C (Figure 1). 
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Figure 1. Growth curve of B. licheniformis  in 0.8% nutrient broth under aerobic 

conditions.  
  

 Typical raw biogas line is not strictly aerobic or anaerobic; it contains an average of 0.7 

Mol% of oxygen based on 12 raw biogas samples collected. The presence of oxygen in the raw 

biogas line explains why the dominant bacteria isolated from the samples are aerobic bacteria or 

facultative anaerobic bacteria, such as B. licheniformis, P. barengoltzii, H. saxobsidens 

(aerobes), and P. glucanolyticus (facultative anaerobe). In order to mimic raw biogas line 

condition, the growth curve of B. licheniformis was repeated under conditions in presence of 

0.7% of O2 in headspace of culture bottles. The medium was purged with gas containing 94.3% 

N2-5% H2-0.7% O2 to create the growth conditions for the bacteria. The growth curve under 

0.7% of oxygen is shown in Figure 2. When aerobic B. licheniformis culture was incubated under 

0.7% oxygen condition, B. licheniformis exhibited a longer lag growth phase (~12 hours), and 

reached lower OD readings (~0.3) within 24 hours of incubation at 30 ºC in 0.8% NB. The 

exponential growth phase was between 15 and 23 hours of incubation, about 10 hours later 

compared to aerobic conditions. 
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Figure 2. Growth curve of B. licheniformis in 0.8% nutrient broth under 0.7% oxygen.   

 

When artificial growth medium (AGM) is used, it is necessary that AGM is supplemented with 

an appropriate percentage of NB in order to support bacterial consortium growth in corrosion 

experiments. The quantity of NB supplement required for growth of B. licheniformis was 

determined under 0.7% of headspace oxygen conditions at 30 ºC. The culture OD was monitored 

periodically to determine the growth potential at various concentrations of NB supplement. 

Under aerobic conditions, at least 0.3% of NB supplement to AGM was required to support the 

growth of B. licheniformis, with the highest OD (0.45) reached after 45 hours of incubation. 

However, under 0.7% O2 condition, the highest OD was only 0.31 after 72 hours of incubation in 

AGM supplemented with 0.3% NB; the culture pH decreased from 7.6 at the beginning to 7.24 

after 168 hours. A more detailed growth curve was determined for B. licheniformis in AGM 

supplemented with 0.3% of NB and under 0.7% O2 at 30 ºC in Figure 3. B. licheniformis showed 

an exponential growth phase during 15-40 hours of incubation, with the highest OD (0.32) 

reached after 156 hours of incubation. 
 

 Therefore, B. licheniformis culture prepared in AGM supplemented with 0.3% of NB under 

0.7% of headspace oxygen will be used to prepare bacteria consortium for corrosion 

experiments. 
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Figure 3. Growth curve of B. licheniformis in AGM supplemented with 0.3% nutrient 

broth under 0.7% oxygen. 
 

Preparation of baseline bacteria culture from condensate sample 

A 5% volume of field condensate sample was inoculated into AGM supplemented with 0.3% 

of NB and incubated under 0.7% of headspace oxygen at 30 ºC at 100 rpm shaking. 

Absorbance/OD was measured at 600 nm periodically and the OD reading was plotted with time 

of incubation to determine the exponential growth phase of the baseline bacteria population from 

the condensate sample. The field condensate sample showed an exponential growth phase 

between 15 and 30 hrs of incubation (Figure 4). The highest OD (0.14) was reached at 36 hours 

of incubation; then OD dropped to 0.12 after 156 hours of incubation. 
  

Final bacteria consortium and growth medium for corrosion experiments  

B. licheniformis and field condensate sample were grown in a large volume of AGM 

supplemented with 0.3% NB under 0.7% of headspace oxygen at 30 ºC at 100 rpm shaking. The 

cultures during exponential growth phase were collected and bacteria concentrations determined 

using the plate count method. The concentrations of B. licheniformis and field enrichment culture 

at exponential growth phase were 6.0 x 10
6
/ml and 7.1 x 10

7
/ml, respectively. The culture was 

then aliquoted and stored at 4 ºC until use.  

 



 

9 

 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0 20 40 60 80 100 120 140 160

A
b

so
rb

an
ce

Time (hours)

Growth curve of enrichment culture of field condensate in artificial growth 

medium supplemented with 0.3% Nutrient Broth under 0.7% oxygen condition 

15-30 h, exponential phase

 

Figure 4. Growth curve of enrichment culture of field condensate in AGM supplemented 

with 0.3% nutrient broth under 0.7% oxygen. 
 

The B. licheniformis and field enrichment culture were diluted to 1.0 x 10
6
/ml and 1.0 x 

10
7
/ml, respectively, and then mixed at 1:1 ratio to create a final bacteria consortium, which 

contains 0.5 x 10
6
/ml of B. licheniformis and 0.5 x 10

7
/ml of baseline bacteria. 5% volume of the 

final consortium culture was inoculated into AGM supplemented with 0.3% NB under 0.7% of 

headspace oxygen at 30 ºC at 100 rpm shaking. The samples were taken after incubation of 0, 48, 

96, and 168 hours, and the bacteria species determined using molecular method 

(PCR/Cloning/Sequencing). The change in the dominant bacteria communities in the final 

consortium after incubation is summarized in Table 2. At time 0, all 14 sequences were closely 

related to the dominant baseline bacteria H. saxobsidens. The composition of the bacteria 

consortium became more diverse after incubation at 30 ºC – acid-producing bacteria started to 

dominate the bacteria consortium and H. saxobsidens became the less dominant bacteria species 

over time. 

 

The recipe of the AGM is the same as shown in Table 1. The AGM was supplemented with 

0.3% of NB to support the bacteria consortium during electrochemical corrosion experiments. 

The pH and resistance are summarized in Table 3. A hydrophilic PVDF filter was used in the salt 

bridge to prevent the bacteria consortium in the anodic cell from entering the cathodic cell. 
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Table 2. The Closest Relatives of Heterotrophic Bacteria Sequences Isolated from Final Bacteria 

Consortium after Incubation of Various of Hours at 30 ºC, using Universal Primers Targeting 16S 

rRNA Gene 

Hours after 

incubation Closest relative in Genbank

Genbank 

accession No. % Identity Frequency

Herminiimonas saxobsidens AB512141 99-100 3

Herminiimonas saxobsidens strain NS11T AM493906 99-100 11

Acidovorax sp. 'smarlab 133815' AY093698 100 1

Herminiimonas saxobsidens AB512141 97-99 4

Herminiimonas saxobsidens strain NS11T AM493906 99-100 6

Uncultured bacterium clone 1013-1-CG11 AY532539 98 1

Uncultured bacterium clone EV818SWSAP79 DQ337095 98 1

Uncultured bacterium, clone CAL_T6 FR675947 98 1

Acidovorax sp. 'smarlab 133815' AY093698 99-100 4

Bacillus licheniformis ATCC 14580 CP000002 99 1

Bacillus licheniformis strain B8 EU117278 99 1

Bacillus licheniformis strain CSB03 FJ189781 99 4

Herminiimonas saxobsidens AB512141 97-100 2

Uncultured bacterium clone EV818SWSAP79 DQ337095 98 1

Uncultured bacterium, clone: TS17 AB378588 98 2

Acidovorax sp. 'smarlab 133815' AY093698 99 8

Herminiimonas saxobsidens AB512141 98-99 2

Herminiimonas saxobsidens strain NS11T AM493906 99 2

Janthinobacterium sp. Marseille CP000269 99 1

Uncultured bacterium clone Hot Creek 44 AY168727 94 1

Uncultured bacterium clone nbt05c05 EU535848 98 1

168

0

48

96

 
 
Table 3. Properties of AMG 

Resistance (KOhms) pH

1X AGM 2.741 7.25

1X AGM with PVDF filter (0.1 µm) 2.958

1X AGM + 0.3% NB 2.386 7.05

1X AGM + 0.3% NB with PVDF filter  (0.1 µm) 2.563  
 
Instrumentation for Modeling Data Collection 

Microbes are known to induce localized corrosion in deaerated conditions. Generally 

speaking, localized corrosion can be defined as the stabilization of a galvanic cell between a 

small anode that corrodes and a large cathodic surrounding area that is more or less protected. 

For microbiologically induced localized corrosion to occur, microbes such as SRB and APB not 

only have to initiate localized corrosion but also to stabilize it by sustaining a steady coupling 

current between small anodes and large cathodes [134]. Differential acidification is known to be 

one of the most powerful driving forces for localized corrosion [135]. Metabolites from 

microbial metabolism and the subsequent interaction between metabolites and corrosion products 

(e.g., the precipitation of iron sulfides) induce a differential acidification between anodes and 
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cathodes [136]. In addition, in the presence of CO2 and H2S, other effects can contribute to 

further local acidification and, especially, to the possible presence of conductive corrosion 

products [137, 138]. 

 

MIC has been studied mainly by electrochemical techniques that provide surface-averaged 

measurements. Techniques such as electrochemical impedance spectroscopy (EIS) or linear 

polarization give results, such as the uniform corrosion rate, that are not applicable to localized 

corrosion, including MIC [59]. Even electrochemical noise is not directly relevant to localized 

corrosion [139]. This noise is defined as the random process of pit nucleation between electrodes 

of reduced size. However, a pit nucleus is not yet an actual pit. Depending upon repassivation 

statistics, this initial step of pit nucleation may lead either to stable growth of a few pits or just a 

grainy surface in overall uniform corrosion [134]. On large electrodes, neither pit growth nor 

uniform corrosion is noisy because both are related to stable direct currents. The technique 

applied in this Task uses a multielectrode analyzer, a potentiostat/galvanostat, and a micro pH 

probe to measure potential, galvanic current, corrosion rate, and pH at the biofilm/metal interface 

under the influence of activities of a consortium of microorganisms. The data will be used to 

develop a preliminary model for prediction of microbiologically-induced corrosion under 

simulated conditions in raw biogas pipeline.   

 
Electrodes and electrochemical cells  

The electrodes are constructed of type C1018 carbon steel wire purchased from California 

Fine Wire Company. The diameter of the wire is 2 mm, and the chemical composition is (in 

weight%): Carbon 0.175%, Manganese 0.75%, Phosphorus 0.04%, Sulfur 0.05% with the 

balance Iron. The anode surface exposed to the liquid medium and bacteria is 3.14 mm
2
. The 

cathode is made of coiled wire with exposed surface area of approximately 470 mm
2
, resulting in 

a cathode to anode ratio of 150 to 1. The anode and cathode are insulated from the solution by 

heat shrink Teflon tubing and epoxy. Before starting an experiment, the electrodes are wet 

polished using silicon carbide (SiC) paper in sequence from 240-grit to 600-grit.  

 

The electrochemical cell is a polycarbonate reaction vessel (2.5 L) with polycarbonate end 

plates to seal the vessel. The end plate has assorted ports for various electrochemical electrodes, 

pH probes, temperature probe, gas inlet and outlet for medium purging and headspace gas 

replacement, medium inlet and outlet for medium circulation, and inoculation ports [59]. Figure 

5 and Figure 6 are top and side view of the anodic cell. The top and side view of the cathodic cell 

is shown in Figure 7. The anode electrodes are kept horizontal and facing up in the vessel since 

gravity has significant effect on bacterial attachment, and the horizontal surfaces facilitate 

bacterial adhesion [140, 141]. Membrane filters (0.2 µm) are placed at the gas inlet and outlet to 

protect the cell from external contamination. Figure 8 shows an assembled two-cell 

electrochemical system. 
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Figure 5. Top view of anodic cell. 

 

 
 

Figure 6. Side view of anodic cell. W.E.: working electrode; C.E.: counter electrode; R.E.: 

reference electrode. 
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Figure 7. Top and side view of cathodic cell. 

 

 

 
Figure 8. The assembled two-cell electrochemical system. 
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Electrochemistry and data acquisition 

Figure 9 illustrates the setup and connections of electrochemical cells (anodic and cathodic 

cells) and the design of the electrochemical experiments for data collection. Three working 

electrodes (WE, anodes A1, A2, and A3) are immersed in AGM and bacteria culture in Cell A. 

The cathode coil is exposed to growth medium in Cell B without bacteria.  An Ultra M micro 

Combination pH probe (model PHR-146B, Lazar Res Lab) is placed in close proximity to the 

surface of the A1 and A3 anodes to monitor the pH changes in the biofilm/metal interface. In 

addition, two Calomel reference electrodes (RE) are placed in close proximity to A3 and 

between A1 and A2 through the Reference Electrodes Bridge Tube. Cell A also contains a 

Graphite Counter Electrode (CE), a RE, and a pH probe for monitoring of pH of the bulk growth 

medium. Cell A and B are connected with a Salt Bridge filled with artificial growth medium and 

separated with a hydrophilic PVDF membrane filter (0.1 µm pore size) to prevent migration of 

bacteria from Cell A to Cell B. 
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Figure 9. Setup and connections of electrochemical cells. 

 

The small anode and large cathode electrodes are submerged under artificial growth medium 

in Cell A and B, respectively. Cell A is inoculated with an appropriate quantity of bacteria 

consortium and Cell B is abiotic. Anodes A1 and A2 are connected to the cathode through a 

Nano Corr S-18 Coupled Multielectrode Analyzer (Corr Instruments) for measurement of 
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electrode potential and coupling galvanic current between the anode and cathode using 

CorrVisual software at 1-hour intervals. While A2 is constantly connected, A1 will be 

disconnected from the Analyzer twice a day and connected to CE through a 

potentiostat/galvanostat/ZRA (Gamry Instruments Reference 600) for measurement of corrosion 

rate on anodes by linear polarization without the influence of galvanic current (A1-RE-CE 

connection). The corrosion rate of A3 is measured by potentiostat/galvanostat/ZRA before and 

after the corrosion rate measurement of A1. Unlike A1, A3 will never be connected to a large 

cathode; therefore, the corrosion rate of A3 (as control) is expected to be significantly lower than 

that of A1. 
 

Test Protocol for Electrochemical Measurement of Microbial Corrosion 

Sterilization and assembly of electrochemical cells 

The electrochemical cells consist of many components, and some of them cannot be 

autoclaved. Sterilization of this two-cell system proved to be very challenging. The detailed 

sterilization of various parts and assembly procedures are summarized as following (reference to 

Figure 5, Figure 6, Figure 7, and Figure 8). 

 

SSDS sterilization: The following components were sonicated for 5 min at the highest 

power, soaked in Sporicidin® Sterilizing and Disinfecting Solution (SSDS) overnight, 

deactivated with sterile 2% (w/v) glycol and 0.5% Tween 80 solution, and rinsed well with 

sterile di H2O. 

1) 3 micro pH probes (port a2, b2, and c2), bulk temperature probe (port 6), and bulk pH 

probe (port 5) in Anode cell 

2) Bulk temperature probe (port 2) in Cathode cell 

3) Various tubes in the cells 

 

Autoclave sterilization (at 121°C for 45 minutes) 

1) Dissemble the top and bottom plates and yellow connectors, autoclave the plates, bottle, 

seal, and yellow connector. Re-assemble. 
2) Assemble anode cell for autoclave 

a. Attach plugged fitting for port 5 and 6. 
b. Attach 3 assembled fittings for port a, b, and c 

i. Plug port a2, b2, and c2 for micro pH probes 
ii. Fit a3, b3, and c3 for RE bridges without RE itself. Cap the empty bridge 

iii. Fit a1, b1, and c1 for WE 
c. Attach assembled fittings for 10, 8, 4 (media circulation, gas outlet, and CE) 
d. Attach assembled fittings for 7, 9, 11 (gas inlet, inoculation, and media 

circulation). 
i. Leave port 9 unplugged 

ii. Connect port 10 and 11 with tubing in order to seal 
iii. Plug port 7 

3) Assemble cathode cell for autoclave 
a. Fit port 1 for cathode coil 
b. Attach plugged fitting for port 2 (bulk temp probe) 
c. Attached assembled fittings for ports 3 and 4 (gas inlet and outlet). 

4) Place a 0.1-µm liquid filter into salt bridge and attach salt bridge to both cells 
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5) Connect cathode port 4 and anode port 8 with tubing, a T adapter and a pressure relief 

valve 
6) Purge both cells with helium for five minutes at low pressure (100 kpa) with gas flow 

from cathode port 3 to anode port 9 
7) Attach pressure gauge to anode port 9 and perform a pressure test 
8) Remove pressure gauge and plug port 9 
9) Prior to autoclave cover all ports with aluminum foil 
10) Along with cell setup, autoclave length of tubing for ports connection 

 
System assembly 
1) Bring system over to the hood to cool down. 

2) Attach various tubings and 0.2-µm filter disc for protection. 

3) Pump in 2 L of media through media filter using anode port 11 and cathode port. Use T 

adaptor to release the pressure during media pumping. 

4) Make sure the bridge tube is full of medium with no air bubbles. 

5) Tighten all fittings 

6) Autoclave again with medium in the cells 

 

Anode wire and cathode coil sterilization and final assembly 
1) Anode and cathode (C1018 carbon steel ) are wet polished using silicon carbide (SiC) 

paper in sequence from 240-grit to 600-grit 
2) Prior to use, wash with acetone, air-dry, and assemble immediately with fittings 

3) Attach temperature probes (port 6) and micro pH probes (a2, b2, and c2), and bulk pH 

probe (port 5) to anode cell. 

4) Attach temperature probe (port 2) to cathode cell 

5) Heat-shrink tubing around micro pH probes to seal ports. 
 
Test protocol  

Anodes and cathode:  The three anodes and one cathode coil are immersed in cell A 

(containing bacteria) and cell B (no bacteria), respectively. The surface area of the cathode is 

about 150:1 ratio to Anode A1 and A2 combined. A1 and A2 are connected to the cathode 

through the Multielectrode Analyzer. Anode A3 does not connect to the cathode; it is used for 

corrosion rate measurements with the Potentiostat. 

Actual B value determination: The Stern-Geary Constant (B value) is made up of the anodic 

and cathodic Tafel slopes, and is generally accepted as a constant between 0.02 and 0.08 for a 

variety of steels under different environments. The default B value from the manufacturers of 

electrochemical corrosion monitoring device is usually around 0.030 V. However, past research 

[13, 15] has indicated significant difference between the default B values and actual B values 

measured by the electrochemical instrument. This is especially significant in a microbial 

corrosion system. Generally, the initial B values in a microbial system were close to the default 

value, and as the experiments went on, the B values decreased gradually, and then stabilized at a 

lower value in most cases. In this project, we used an InterCorr SmartCET electrochemical 

instrument to determine the actual B value under the conditions which are used in later corrosion 

modeling experiments. The average B value obtained from this experiment will be used for the 
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future corrosion modeling experiments to correct linear polarization corrosion rate (LPR) 

measured by the Potentiostat.  

InterCorr C1018 probes were sonicated probes in ethanol (200-proof) for 1 min, degreased 

with acetone for 10 min, wrapped with sterile aluminum foil and dried in 60 ºC oven until use. 

InterCorr probe holders were soaked in SSDS overnight, deactivated, rinsed with sterile water, 

wrapped with sterile aluminum foil and dried in 60 ºC oven until use. Assembled bacteria 

culturing system incorporated with InterCorr SmartCET containing 200 mL of sterile AGM 

supplemented with 0.3% of NB medium was purged with filtered 94.3% N2-5% H2-0.7% O2 gas 

mix for 60 minutes ( 

Figure 10). The headspace of the culture container was purged with the gas mix daily to 

maintain a 0.7% oxygen condition after the experiment started. The bacteria consortium 

inoculum was prepared by mixing B. licheniformis at 6.0 x 10
6
/ml and field enrichment culture at 

6.0 x 10
7
/ml at 1:1 ratio, washing once in PBS (pH 7.0), and resuspending in 1X AGM+0.3% 

NB medium. The culture container was inoculated with 10% bacterial consortium mix and 

incubated at 30 ºC. The result of the actual B value measurement is shown in  

Figure 11. As predicted, the actual B values varied significantly in the first few days of the 

experiment, and then became stabilized at lower level than default value. The typical B values 

after stabilization was calculated, as suggested by the inventors of InterCorr SmartCET [15], and 

will be used for the Potentiostat to measure the corrosion rate under the exposure to microbial 

consortium. The actual B value for the simulated system in this project was 0.01661.  

 

 
 

Figure 10. Anaerobic bacteria culturing system incorporated with InterCorr SmartCET 

electrochemical device for real-time corrosion monitoring 

 

Modeling parameter measurement: The following parameters are taken in electrochemical 

corrosion experiments for the purpose of MIC modeling. 

1) Potential of A1 (or A2), and cathode is monitored using the Multielectrode Analyzer. The 

connection is as following: A1 (or A2) to Bank A of the Analyzer; cathode to Bank B of 

the Analyzer; RE1 in cell A, joined with RE3 of Cathode, and connects to RE connector 
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on the Analyzer.  

2) Current flow of A1, A2, and Cathode is monitored using the Multielectrode Analyzer. 

The connection is as following: A1, A2 and cathode to Bank A; RE1 in cell A, joined 

with RE3 of Cathode, and connects to RE connector on the Analyzer.  

3) Linear polarization corrosion rate (LPR) is measured using the Potentiostat with average 

of actual B value (0.01661) determined in the previous experiment. 

a. LPR of A1 is measured twice a day by disconnecting anode A1 from the Analyzer 

and then connecting A1, RE1, and CE to the Potentiostat. 

b. LPR of A3 is measured by connecting anode A3, RE2, and CE to the Potentiostat. 

The measurements of A3 take place before measurement for A1.  

4) pH of the anode surface is measured using Ultra M micro combination pH 

electrode Model PHR-146B (Lazar Research Laboratories, Los Angeles, CA).The pH of 

bulk culture is also monitored. 
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Figure 11. Actual B value determined by InterCorr SmartCET Instrument 

Test protocol for electrochemical measurement of microbial corrosion: The two-

electrochemical-cell system was set up according to 0. Both Cell A and B contain 2 L of sterile 

AGM supplemented with 0.3% of NB purged with filtered 94.3% N2-5% H2-0.7% O2 gas mix 

for 60 minutes. Cell A is inoculated with bacterial consortium, while Cell B is kept abiotic (see 

description in Actual B value determination). A salt bridge filled with same growth medium 

connects Cell A and B, but a hydrophilic PVDF membrane filter (0.1 µm pore size) in the bridge 

prevents the migration of bacteria from Cell A to Cell B. The temperatures of Cell A and B are 

maintained at 30 ºC with heating tape. In addition, the headspace of Cell A is purged with gas 

mix daily to maintain 0.7% oxygen condition. 



 

19 

 

After inoculation of bacteria consortium into Cell A, the experiment is operated as a batch 

cell and a daily culture sample is taken to determine the concentration of planktonic bacteria 

using the plate count method with serial dilution in triplicate. When the concentration reaches 

10
6
 cells/ml, medium replacement in Cell A starts. 10% of culture volume in Cell A is replaced 

daily with fresh growth medium filtered through a 0.2-µm membrane. The medium in Cell A is 

circulated at the rate of 2 L/day from bottom to top to avoid stratification. The medium 

composition in Cell A is analyzed periodically. 

The potential of Cell A is measured by connecting anode A1 to bank A of the Multielectrode 

Analyzer and RE1 to REF port in the Analyzer (Figure 12). The potential of Cell B is measured 

by connecting cathode to bank B of the Multielectrode Analyzer and RE3 to REF port in the 

Analyzer (Figure 12). When a 10 mv difference between the two cells is reached, the difference 

is verified by connecting anode A2 to bank A in place of A1.  The measured potential should be 

equal to the potential measured by connecting A1 (Figure 13). After the10 mv potential 

difference between the two cells is verified, the current between anodes (A1 and A2) and cathode 

will be measured by Multielectrode Analyzer, and the corrosion rate (LPR) of anode A3 and A1 

will be measured by the Potentiostat by making the connections illustrated in  
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Figure 14. 

Figure 12. Electrochemical test setup to monitor potential difference between anode and 

cathode. 

 

Figure 13. Electrochemical test setup to verify potential difference between A1 and A2. 

 

The current between anodes (A1 and A2) and cathode is monitored by connecting A1, A2 and 

cathode to Bank A in Multielectrode Analyzer, and joining RE1 and RE3 and then connecting to 

REF port of the Analyzer ( 

 

Figure 14). The corrosion rate (LPR) of anode A3 is measured twice a day by connecting CE, A3 

and RE2 to the Potentiostat ( 

 

Figure 14). The corrosion rate (LPR) of anode A1 is measured by connecting CE, A1 and RE1 to 

the Potentiostat. The measurements of A1 corrosion rate are performed twice a day after 

temporarily disconnected from the Analyzer and connected to the Potentiostat. pH close to the 

anode surface is measured by the Analyzer using micro pH probe. 
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The electrochemical data and other data (e.g pH, chemical composition of medium) will be used 

to develop a preliminary model for prediction of corrosion rate under the influence of the 

bacteria consortium. At the end of the experiment, the anode will be fixed with 2% 

glutaraldehyde buffered with 0.2 M sodium phosphate for 12 hours, dehydrated in acetone-

distilled water series of 25%, 50%, 80%, and 100% acetone (10 minutes each), dried at 80 ºC for 

10 minutes, and placed in a desiccator until inspection. The inspection will include scanning 

electron microscope (SEM) for determination of the biofilm thickness and structure, pit shape 

and diameter, and EDS/EDX and Raman Spectroscopy for pit chemistry. 

 
 

 

Figure 14. Electrochemical test cell setup for current and corrosion rate monitoring. 

 

Task 8 - Perform Bounded Testing to Generate a Strong Example Data Set  

The activities performed inTask 8 during this quarter include (a) developing a protocol for collecting 

the raw/processed biogas samples from the plants, (b) designing and building pressure test vessels for gas 

saturation testing, (c) identifing commercial plastic pipe and elastomer materials for testing,  (d) 

identifying the sites to collect sample gases (raw landfill gas, processed landfill gas and raw dairy gas), 

and (e) obtaining test materials and gas samples.  

A HazOp analysis has been completed in this quarter for the safety review on the gas sample 

collection process at the sites.  A Baseline Hazard Analysis has also been completed for gas saturation 
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testing. The design of the pressure test vessel has been finalized and the construction of one test vessel 

and sample cage  has been completed.  

A commercial pipe grade MDPE (medium density polyethylene) resin was selected to be used for 

making the plastic test samples. The premium grade NBR (Butadiene Acrylonitrile) and SBR (Butadiene 

Styrene) sheet materials were selected to be used for making rubber test samples. The formulations and 

properties of the selected NBR and SBR sheet materials are close to the rubber materials used in natural 

gas pipeline systems.  The test materials have been ordered, and will be arrived by end of the year. 

The natural gas sample has been selected to be used in this testing as a reference gas to evaluate the 

impact on material properties by biogas/biomethane.  It reflects a gas quality typical to tariffs imposed by 

LDCs located in the Midwest. 

Protocol for Biogas Collection 

The biogas samples will be collected from biogas plants and compressed into a high pressure 

cylinder (lowered to 1800 psi from 2000 psi) and returned to GTI in order to supply the gas for the 

saturation tests. The raw biogas supplied in the plant is near ambient pressure, and it has to be compressed 

by a compressor so that it can be filled into the high pressure gas cylinder. A portable compressor 

(FuelMaker FM4) which can be brought to the sample collection sites is being modified for this use at 

GTI.  

The raw biogas is generally saturated with moisture and the liquid water will be condensate from the 

gas at high pressure when the gas is compressed. Some compounds in the raw gas may dissolve in the 

water condensate and result in the variation of the gas composition. To avoid this change of gas chemistry 

during sample collection, the raw gas will be dehydrated before it is compressed.  

FuelMaker FM4 Compressor  

The specification for the compressor to be used to collect biogas samples has been developed, and it 

is shown in Figure 15. The unit selected is the FuelMaker FM4 compressor, with a power requirement of 

220 Volts, 1 phase AC (at 60 Hz).  It draws 6 Amps of current, resulting in an average electrical 

consumption between 0.9-1.3 kWh. 

Considerations for Gas Sampling at Biogas Plants 

1) Determine the following site specifications: 

 Electrical power on-site (e.g. 240 Volts) 

 Pipe fittings from site gas outlet 

 Gas pressure from site gas outlet 

 Pipe fittings for processed biomethane (if applicable) 

 Gas pressure for processed biomethane (if applicable) 

2) The sampling schematic will be configured as shown in Figure 15.  

3) A HazOp analysis will be performed on this process to ensure the safety and quality of our 

process. 

4) Properties to consider when collecting gas are the following: 

 Temperature of gas (50°C-60°C). 

 Density change during compression (for compressibility factor). 

 Impurities that may affect equipment (H2S, siloxanes, etc.). 
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 Liquid condensation by dew-point from components (e.g. CO2). 

Biogas/Biomethane Gas Sample Sites 

The biogas/biomethane gas sample sites have been selected from the gas sample database at GTI. 

These include a landfill site where the raw and processed landfill gas samples will be collected and a 

dairy farm site where the raw dairy gas sample will be collected. The compositions of the 

biogas/biomethane gases from these sites are representative to the gases that have been analyzed at GTI.  

Gas Saturation Test Setup 

The test samples will be saturated in the sample gases including one natural gas (as reference), one 

raw landfill gas, one processed landfill gas (biomethane) and one raw dairy gas. The gas saturation will be 

performed at ~ 45ºC to simulate the worse scenario in the biogas gathering line where biogas is delivered 

out of the digester. 

The gas saturation test setup is shown in Figure 16. A stainless steel pipe is used to make the 

pressure vessel as the chamber for the gas saturation test. The test samples will be loaded onto a sample 

cage made of stainless steel mesh to allow the test samples to be fully exposed to the gas, see Figure 17. 

The vessel will then be purged with the tested gas before the test is started. A low gas flow will be 

maintained during the saturation test (0.05 cc/min). 

The pressure test vessel has been designed for the gas saturation test, see Figure 18. It consists of a 

three feet long and four inch diameter stainless steel (SS316) pipe. The pipe will be heated with the heat 

tape wrapped around the outer surface of the pipe, and the temperature inside the pipe will be maintained 

at 45±5ºC by a temperatuare controlling system.  

 

Test Materials 

NBR and SBR Rubber Sheet Materials 

A sheet rubber material was decided to be used for the testing in order to prepare the samples with a 

standard sample size. This will reduce the data scatter resulted from sample variation and improve the 

comparative test results for a better evaluation of the impact from biogas/biomethane. GTI has reviewed 

the NBR and SBR materials  that are most used in natural gas pipeline, and selected the rubber sheet 

materials that have closer physical and chemical properties, see Table 4. The test samples will be die cut 

from the sheet materials. 

Natual Gas Sample 

A standard natural gas was selected for the saturation test as a reference to compare the impact from 

biogas/biomethane on the pipeline materials. The approximate chemical compositions of the natural gas 

sample is shown in Table 5.  A full analysis will be performed to obtain actual compositions. 

Biogas/Biomethane Samples 

Sites have been selected to collect processed biomethane from landfill, raw landfill biogas, and raw 

dairy farm biogas.  The approximate chemical compositions of the natural gas sample is shown in Table 

5.  These values were obtained from GTI’s database of the selected sites.  A full analysis will be 

performed to obtain actual compositions on each of the gases. 
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Table 4. The Properties of NBR and SBR Rubber Sheet Mateirals 

Rubber 

Sheet 

Hardness 

(Shore A) 

Tensile 

(psi) 

Ultimate 

Elongation 

(%) 

Heat Aging 

 

Oil Resistance 

 

Temperature 

Range 

NBR 70 
1500 

min 
250 min 

(70 hrs @ 

100ºC) 

Hardness: ±15 

points 

Tensile: ±30% 

max 

Elongation: -

50% max 

(70 hrs @ 

100ºC) 

Hardness: -10 to 

+5 points 

Tensile: -45% 

max 

Elongation: -

45% max 

Volume: 0 to 

25% max 

-40º to 200ºF 

SBR 65 
1000 

min 
250 min 

(94 hrs @ 

100ºC) 

Hardness: 10 

points max 

Tensile: -20% 

max 

Elongation: -

35% max 

NA NA 
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Table 5. Chemical Compositions (approximate) of Gas Samples 

 

Gas Property Natural Gas Raw Dairy Farm 
Gas 

Raw Landfill 
Gas  

Processed 
Biomethane 

Methane (CH4) 90% 62% 55% 97% 

Carbon Dioxide (CO2) 2 – 3% Maximum 35% 32% BDL 

Nitrogen (N2) 3% Maximum 2% 11% 2% 

Helium (He) 0.2% Maximum BDL BDL BDL 

Mercury (Hg) BDL 0.06 µg/m
3
 0.06 µg/m

3
 BDL 

Oxygen (O2) 0.2% Maximum 0.4% 1.0% BDL 

Hydrogen Sulfide (H2S) Less than 1 grain for 

every 100scf 

(approx. 15 ppmv) 

4,225 ppmv 137 ppmv BDL 

 

Note: Concentrations are in mol %, unless specified otherwise.  Natural Gas quantities are based 

on LDC tariffs.  BDL denotes quantities below the detection limits of the instrumentation used 

for analysis.
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Figure 15. Biogas Collection Schematic (Updated) 
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Figure 16. Gas Saturation Test Setup 

  

Pressure Vessel 
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Figure 17. Test Sample Cage 
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Figure 18. Pressure Vessel for Gas Saturation Test  

Heat Tape 
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